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The rates and products of addition of benzeneselenenyl bromide
to substituted styrenes have been determined in benzene at 250. The
kinetic data fit well with the reversible rate equation. The observed
rate constants of the reaction were found to be reactant concentration
dependent and could be expressed as the mixed second, first and zero
order mechanisms: k°bs= k°2+ k°1/ [styrene]+ ko/ [styrene] [PhSeBr]
the specific second-order rate constants k°2 are in good correlation
with the Hammett equation, with p+= -1.54, r= 0.991. The rho'value
together with the entropy of activation and product distribution
support the higher degree of bridging in the rate and product deter-
mining transition states than that of the arylsulfenyl halide addition,
which was in agreement with the expectation that the larger, more
polarizable and lower electronegative selenium atom would be easier to




The electrophilic addition reactions of alkenes and alkynes are
important in organic synthesis. The utility of organoselenium compounds
has become apparent.1-4 The addition of areneselenenyl halides to
alkenes leads to versatile synthesis of various synthons. Typical
examples are illustrated below.
The vinyl selenides (IV) and (V) were synthesized by dehydrohalo-
genation of the appropriate R-bromoalkyl phenylselenides (II) and (III)
respectively, which were in turn prepared from the addition of benzene-









Preliminary regioselectivity studies indicated that 1-hexene and
(I) reacted under kinetically controlled conditions (CC14,-20°) to
give predominantly the anti-Markovnikov adduct (II) which isomerized
slowly at room temperature or very rapidly in polar solvents such as
acetonitrile (less than 5 min., 25°) to give predominantly the
Markovnikov adduct (III).5 The vinyl selenides are potentially useful
for a number of synthetic transforma: ions. The a proton of the vinyl
selenide was readily abstracted by s rong base. The selenium
stabilized vinyl anion was then stereospecifically alkylated by
r



















Vinyl phenylselenide may serve as a +CH=CH synthon. Thus,
reaction with alkyllithium, followed by attack of an electrophile E+ afforde












Vinyl selenides were readily oxidized by mercuric chloride in







Compound (I) underwent electrophilic trans-1,2-addition to olefins.
The adduct (VIIIa) solvolyzed readily in acetic acid or alcohols; and
the corresponding allylic acetate (IXa) or ether (IXb) was then obtained









(IXa) Y= OAc(VIIIa) X= Br
(IXb) Y= OR(VIIIb) X= OAc
(VIIIc) X= OR
The adduct (VIIIb) could also be obtained by direct addition of
benzeneselenenyl acetate to olefins. There was strong preference for
elimination in the direction which gave the allylic derivative (IX)
rather than the vinylic derivative (X) if the adduct was a-oxygenated
OR
(X)
Elimination occurred in both directions for the adduct (II) if the R
group contained a-hydrogen as in the case of preparation of allylic
and vinyl halides 10 (Scheme II).
Benzeneselenenyl trifluoroacetate also added rapidly to acetylenes,
giving phenylseleno-substituted enol trifluoroacetates (XI). On



















a -Phenylseleno ketone (XIII) was synthesized from monosubstituted
alkene by reacting the adduct (III) in DMSO with silver hexafluoro-
phosphate, followed by triethylamine.12 Interestingly, the same product
(XIII) was isolated from the oxidation of the anti-Markovnikov adduct
(II) and no a-selenoaldehyde (XIV) has ever been detected. The
reaction probably occurred via a common bridged intermediate (XV)
which was attacked by the negative end of DMSO regiospecifically to
(XVI). Loss of a molecule of dimethylsulfide produced the product
(XIII).

























- (CH 3)2 s RCCH2SePh
0
(XIII)
6The addition of benzeneselenenyl halides to olefins like many other
electrophilic additions may proceed via AdE2 mechanism which consists
of two steps.13-15, 17
STEP 1
RTFP
In the first step, a positively charged species Y+ forms a bond
with the olefin. Y+ needs not be a positive ion but may be the positive
end of a dipole or an induced dipole. The second step is a combination
of the positively charged intermediate with a nucleophile. In
general, the rate determining step is the first step. The rate law
can be represented by equation 1.
Rate= k [-C=C-][WY] (1)
The structure of the transition state may vary from those resembl-
ing an open carbonium ion (XVII) to those resembling a bridged ion
(XIX) or in between (XVIII) depending on the nature of reactions.
(XIX)(XVIII)(XVII)
To illustrate, the hydration of simple olefins proceeds by an open ion
mechanism, which was supported by the correlation of rate constants
7with structure, solvent isotope effects, acidity dependence and other
kinetic criteria.16,17,18 On the other hand, the addition of sulfenyl
halide to alkenes was found to proceed through a cyclic transition
state.20,21 The mechanism was securely proved on the basis of structure-
reactivity correlations, product stereochemistry and direct observation
of the intermediate, thiiranium ions.16,17,19
The addition of arenesulfenyl halides to olefins was known long
before, but the addition of areneselenenyl bromide to acetylene was
first reported in 1956 by Chierici and Montanari.22 Kataev et al re-
examined the addition of benzeneselenenyl halides to alkenes and alkynes
recently.23'24 The synthetic utility of organoselenium compounds for the
effective introduction of unsaturated functions has brought these reac-
tions in attention.'-4 Relatively few mechanistic reports have focussed
on the organoselenium compounds addition reactions. Recently, Schmid
and Garratt reported the mechanism of the addition of areneselenenyl
chloride to olefins.19'25-30 The effect of alkene structure upon the
rates of addition, and the products of addition with respect to both
the stereochemistry and regiochemistry of the addition, the effect of
ring substituents in the areneselenenyl chloride on both rates and
products and the effect of solvent upon the rates were investigated.
Schmid and Garratt proposed two possible mechanisms for the addi-
tion of areneselenenyl chlorides to olefins (Scheme III). The upper
path corresponded to an SN2- like transition state, the carbon-carbon
double bond acting as the effective nucleophile attacking selenenyl
selenium with chloride ion as the leaving group, to yield a seleniranium
ion-chloride ion pair. The lower pathway had two possible rate-determin-
ing transition states corresponding to bond-making and bond-breaking.
Both mechanisms shared a common feature with sulfenyl halide addition,




















In addition, a metastable tetravalent selenium species, character¬
ized as an episelenurane (XX), was first claimed to be isolated as the
reaction intermediate. In contrary to this finding Reich and Trend
reexamined the preparation and characterization of (XX) and concluded





ions were successfully prepared as their hexafluorophosphate or
hexafluoroantimonate salts (XXII) by the addition of areneselenenyl
hexafluorophosphate or -antimonate, respectively to an appropriate











The data for the addition of benzeneselenenyl chloride to alkynes
and of3-methylselenium trichloride to alkyl-substituted ethylenes were
consistent with the formation of a bridged transition state on the
2Q529
reaction path prior to the product-forming step.'
The addition of 2,4-dinitrobenzeneselenenyl chloride to cis- and
trans-l-phenylpropene gave Markovnikov adducts only and was found to
be reversible. These Markovnikov adductsshowed no tendency to
isomerize to their corresponding anti-Markovnikov isomers over a
period of three months. On the other hand, Raucher found that (XXIIIa)
isomerized rapidly to (XXIVa) in less than five minutes in acetonitrile
at 25. This isomerization presumably involved the reversible formation
of the seleniranium ion and the rate was dependent on the leaving
group, X. For example, when X= CI, (XXIIIb) required 24h to isomerize
to (XXIVb) in acetonitrile at 25°; when X= OCOCF, a 1:1 mixture of
(XXIIIc) and (XXIVc) isomerized to (XXIVc) in 48h ,but underwent no
apparent change even after 7 days when X= OAc in acetonitrile at 25°.
Preliminary experiment showed that the addition of benzeneselenenyl
bromide to styrene was reversible which rendered purification of the
adducts almost impossible. The adducts converted back to the starting
materials when warmed. Thus, no stable adducts was isolated in pure
form. Fortunately, in most cases of synthetic application, the
adducts were rarely isolated but were directly transformed to other
compounds.
Up to present, the kinetics for the addition of areneselenenyl
bromide to alkenes has not been reported. It has been the aim of





Benzeneselenenyl bromide was prepared by literature method.
Substituted styrenes were prepared by decarboxylation of the corres¬











0CH3, CH3, CI, C02Et, CN, N02
Scheme V
Interestingly, in the case of the preparation of 3-chlorocinnamic
acid, a side product, 3-chlorostyrene (XXX) was also isolated. The
mechanism of the formation of (XXX) was not clear. The decarboxylation
of cinnamic acid by palladium catalyst under such reaction conditions
had not been reported. Preliminary study suggested that cinnamic acid
could not be decarboxylated under these conditions.
26,37
Among the catalysts tested( basic copper carbonate,
copper powder,33 copper-chromium oxide3 and copper oxides'43), cupric
or cuprous oxides were most efficient in decarboxylation of cinnamic
acid in quinoline solvent.
12
II KINETIC STUDIES
The rate of addition of benzeneselenenyl bromide to nine meta-
and para-substituted styrenes in dry benzene at 250 was measured by
spectrophotometric method. The rate of disappearance of benzene-
selenenyl bromide was followed by measuring the decrease in its absor1
tion at 476 nm. Under condition A. O.1M styrene and 0.001M benzene-
selenenyl bromide solutions were used, whereas under condition B, botl
styrene and benzeneselenenyl bromide solutions were 0.001M.
When the kinetic data obtained from various reaction conditions
were treated with standard pseudo-first-order( condition A) and
second-order( condition B) rate equations (eq. 2 and 3), curves
were obtained. Typical sets of data are shown in Figures 1 and 2.




where x and xe are the concentrations of adducts at time t. and at
equilibrium, respectively a and b are the initial concentrations of
benzeneselenenyl bromide and styrene,respectively. Better
linearity is obtained when the data are fitted with reversible rate
equations 4 and 5.
The pseudo-first-order rate constants for the addition of benzene-












Figure 1. Plot of ln(A -A) (O) and In A (A) versus time.
Correlation coefficient for curve I= 0.999; for curve 11= 0.997.
Data taken from Run 8.
Figure 2. Plot of In (ab-x x)(x -x) (O) and In (b-x)(a-x) (A)
versus time. Correlation coefficient for curve I= 0.995; for curve 11=
0.944. Data taken from Run 33.
( condition A) are tabulated in Table 1. Linear free energy relation-
kl+
ships are obtained by plotting log versus o or a values1 as
(Vh
shown in Figures 3 and 4. The rate constants of benzeneselenenyl
bromide addition to styrenes correlate both with the a and a values
( equations 6 and 7). As shown in Fig.3, it can be seen that
( r= 0.915) (6]
( r= 0.907) (7)
3-methoxystyrene lies far off the line. If 3-methoxystyrene is omitted,
an even better linear correlation is obtained.
( r= 0.984)
( r= 0.945)
The second-order rate constants of benzeneselenenyl bromide
addition to substituted styrenes at 25° in benzene( condition B)
are summarized in fable 2. The linear free energy relationships are
k2+
obtained by plotting log -j——y versus a or a values( see Fig.5
k2 2 H+
and 6), Plots of log ——y versus a and a give linear correlation
2 H
( eq.8 and 9),
( r= 0.956) (8)
( r= 0.971) (9)
Table 1. Pseudo-firate-order rate constants for the addition of benzeneselenenyl







































































Initial concentration of styrene =0.1 M; initial concentration of
benzeneselenenyl bromide= 0.001 M. The number in parentheses are the
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Figure 3. Hammett plot of log,} x for the benzeneselenenyl bromide
1 H+
addition to styrenes under condition A versus a. The slope of the
points omitting (5)= -1.75, (r= 0.984). Compounds for the points are:
(1) 4-methoxystyrene, (2) 4-methylstyrene, (3) styrene, (4) 4-chloro-
styrene, (5) 3-methoxystyrene, (6) 3-chlorostyrene, (7) ethyl 4-vinyl-















Figure 4. Hammett plot of log for the benzeneselenenyl bromide
addition to styrenes versus a. The slope of points 1-9= -2.44,
Compounds for the points are the same as those of Fig.3.
Table 2. Second-order rate constants for the addition of benzeneselenenyl bromide






























































Initial concentration of styrene= initial concentration of benzeneselenenyl
















Figure 5. Hammett plot of log for the benzeneselenenyl
bromide addition to styrenes under condition B versus a.
The slope= Compounds for the points are:
(1) 4-methoxystyrene, (2) 4-methylstyrene, (3) styrene, (4) 4-chloro-













Figure 6, Hammett plot of log for the benzeneseleneriyl
bromide addition to styrenes versus o. The slope= -0.402,
( r= 0.971). Compounds for the points are the same as those
of Fig. 5.
It is surprising to see that two different rho (p) values are
obtained for the same reaction under conditions A and B. The only
difference between those two conditions was the styrene concentration
where one hundred fold excess of the substrate was employed in those
runs under condition A. It is interesting to note that a relatively
large negative rho value was obtained from the results under condition
A. In other words, under these conditions, the reaction seems to be
more substituent dependent. Second-order rate constants could not be
obtained from simply dividing the pseudo-first-order rate constants
by styrene concentration. More than ten fold differences were obtained
in these calculated second-order rate constants and the experi¬
mental second-order rate constants when stoichiometric amount of
substrates were employed. These large discrepancies should not be
attributed to the variation in activities. Moreover, the kinetic date
obtained from the results under the pseudo-first-order conditions were
treated according to eq. 5, a new set of second-order rate constants
were generated and compared with the calculated second order
rate constants as listed in Table 3. Plots of log
correlate with and a as shown in eq.10 and 11. The rho values of
log ( r= 0.892) (10)
log ( r= 0.934) (11)
log versus and o are equivalent to log versus and
Cclll O t) S
Table 3. an for the addition of (I) to substituted styrenes.
cal 3 -1 -1 obs 3 -1 -1

























Table 4. Variation of kS with initial benzeneselenenyl bromide
and styrene concentration
[phSeBrJ (M) [Styrene I (M)
obs 2 -1 -1

























as given by eq. 6 and 7. It is noteworthy that these two sets of
constants are comparable and different from the second-order rate
constants under condition B as outlined in iable 2. Therefore, it is
obvious that the rate constants are dependent on styrene concentration.
A series of kinetic runs were performed in which the ratio of
styrene and benzeneseleneny1 bromide was varied. The results are
summarized in Table 4. It is worth to mention that the observed second-
order rate constants ) decreases with increasing styrene
concentration when the benzeneseleneny1 bromide concentration is held
constant. A plot of versus the reciprocal of initial styrene
concentration gives a straight line with intercept
and slope see Interestingly,
similar observation was found that the observed second—order rate
constants decreases as initial benzcneselenenyl bromide concentration
increases while the styrene concentration is kept constant. A plot
of versus the reciprocal of benzeneseleneny! bromide concentration
yields a straight line wi t:li slone and
intercept (see
Since two different intercepts and di fferent slopes are obtained
in these two plots, the observed rate constant must be consisted
of more than two terms. Mathematically may be made up of four
terms maximally as shown in eq.12. However, if the kinetic data are







Figure 7. Plot of for the benzeneselenenyl bromide addition








Figure 8. Plot of for the benzeneselenenyl bromide addition
to stvrene versus reciprocal of initial benzeneselenenyl bromide
concentration. The slope intercept
to be fitted with eq.12, a negative k° will be obtained which is mean¬
ingless. Moreover, the term corresponds to a mechanism first
order in styrene, zero order in benzeneselenenyl bromide. Such a
mechanism can hardly be rationalized and is therefore eliminated.
Incidentally the kinetic data fit excellently with the rest three terms.
In other words, can be expressed as a function of initial concen¬
trations of styrene and benzeneselenenyl bromide as shown in eq.13,
with and
[styrene] styrene PhSeBr
Run 58 was used to check the validity of eq.13. The calculated k
is and is in good agreement with the experimental
observed valu
The rate cons tan corresponds to the second order rate constant
extrapolated to infinite concentrations of reactants. It is a limiting
value and should be significant at high reactant concentrations. The
rate constant corresponds to the first-order rate constant relating
to a mechanism first order in benzeneselenenyl bromide but zero order
in styrene. Unimolecular addition mechanism is rarely seen but cannot
be totally excluded. The last term ,corresponds to a zeroth-order
mechanism and would be significant only under very dilute concentrations.
Thus, more than one mechanism may be operating simultaneously.
The pseudo-f irst-order rate constants obtained under condition
A and second-order rate constants obtained under condition B are
therefore just limiting cases of the and are apparent rate constants
only. The real second-order rate' constants, k,could be found from
the intercept of the plot of ks versus the reciprocal of initial
styrene concentration. The slope of the plot equals t(
The for the benzeneseleneny1 bromide addition to the styrenes
are listed in Table 5. Plots of loj versus a and o yield straight





It can be seen that 3-methoxystyrene lies far apart from the line.
If it is omitted from the plot, better linear correlation is obtained.
Equations 14 and 15 becomes 16 and 17,respectively.
log (16)
log (17)
The results obtained from kinetics suggest that three parallel
mechanisms may be operating simultaneously. A reasonable mechanism
for the first—order kinetics can be proposed in which the rate-deter¬
mining step would be the ionization of benzeneselenenyl bromide to
PhSe+ and Br ions. The subsequent steps leading to a bridged
transition state, and to products would be fast steps (Scheme VI).
Table 5 for the benzeneseleneriy 1 bromide addition to the


























Table 6. Temperature dependence of for the addition of









Figure 9. Hammett plot of log
versus The solid line
is for points 1-8 omitting (5) ,clope =-1.54,(r=0.991); the
dashed line is for points 1-8. slope =-1.55, (r=0.894). The













Figure 10. Hammett plot of log- versus o.
'he slope for points 1-8 with omitted=








An alternative mechanism, kinetically indistinguishable from the
previous onewould involve the dissociation of benzeneselenenyl bromide
to PhSe and Br radicals. But the rate of addition of PhSe' to styrene
Should have to be much faster than that of Br, so that the rate law
would be first order in PhSeBr; otherwise, the subsequent steps would
be fast equilibriums. If the PhSe and Br' would have similar react¬
ivities, the rate law should contain the term or
however, inclusion of either or both terms could not fit
the kinetic data. Hence, the general free radical addition mechanism
is eliminated. Moreover, preliminary studies on the solvent effect of
the addition In chloroform under condition B showed that the observed
second-order rate constant increased by approximately six folds
the dramatic increase in the rate constant upon slight
solvent polarity change would also substantiate an ionic mechanism
rather than a free radical one.
The zero order mechanism could be explained by adopting a hetero¬
geneous reaction mechanism on the cuvette surface. Similar observatior
has been exemplified by the bromination of allyl benzoate in carbon
tetrachloride
33
The rate law for the mixed first-order and second-order kinetics
is derived according to Scheme VII.
PhSeBr
PhSeBr + PhCH=CIH
Assuming at steady state, the [Br- is small compared with [s]
and (U].
is the rate-determining step for the
first-order kinetics.
Therefore, the above rate law is similar to the rate law employed
to calculate Since no sufficient evidence can be found, the rate-
determining step for the second-order kinetics is uncertain whether it
is the k. or k0+k„. The overall rate constant
and are used. The above rate law is consistent
with the empirical one if a zeroth-order rate constant is added. Thus the
rate law becomes
the above rate law is simplified to:
[PhSeBr[ s tyrene] [products!
where The ratio equals t since k
is the rate-determining step of the first-order mechanism by previous
assumption is very likely the rate-determining step of the second-
order mechanism. If this is the case, thei
and
The for benzeneselenenyl bromide to styrene under condition B
at various temperatures is tabulated in Table 6. The Arrhenius plot
yields a straight line is calculated to he 6.11 kcalmol
kcalmol,
35
The enthalpies and entropies of activation for some electrophilic
reactions to styrene are listed in Table 7.17 It has been observed that
if the activated complex has a high degree of organization, then the
4-
resulting OS' is large and negative. In the case of benzeneselenenyl
bromide addition to styrene, the AS* is comparable to those reactions
listed in Table 7.
Linear free energy relationships are of great value in summarizing
and understanding the influences of molecular structure on chemical
reactivity. Rho (p+ )values of 0 to -3 are general characteristic of
reactions postulated to proceed via partially positively charged cyclic
activated complexes, while p+ values more negative than -5 generally
imply a species resembling a fully developed carbonium ion in the rate-
determining step. The p+ values from eq. 16 i_s compared with the p+
values for several electrophilic additions to styrenes as outlined in
Table 8.17 The p+ values for the benzeneselenenyl bromide addition to
styrenes (-1.54) lies within the range for cyclic rate-determining
transition state. The degree of bridging of the transition state is
in accord with the fact that the less electronegative bridging atom
can support the bridging more easily.
Table 7. Enthalpies and entropies of activation for some electrophilic additions

















sulfenyl chloride 9.4-16.9(a) -24.4 to -41.5 44,45,46
(a) Data for cis- and trans-stilbene.
+
Table 8. Reaction constants (P) for some electrophilic additions to styrene























(a) Electronegativity of bridging atom using Pauling scale.
(b) Correlation coefficient.
(c) Data for cis- and trans-stilbene.
Ill EQUILIBRIUM STUDIES
The equilibrium constant K of the reaction was obtained from the
absorbance of the equimolar mixture of benzeneselenenyl bromide and
styrene under condition B at equilibrium. The equilibrium constants
for the addition are listed in Table 9. A plot of log
+
versus O
yields a straight line with better correlation coefficient
than that of the plot of log versus as shown in
Fig. 11 and 12, eq. 18 and 19.
log (18)
log (19)
The relatively small in magnitude of the rho values implies that the
equilibrium position is not very sensitive to the substituents. However
it can be seen that electron donating substituents favour the product
formation while electron withdrawing substituents favour the reactant
side. Similar observations have been found in the addition of arene-
selenenyl chloride to alkenes. The reaction proceeded to almost
completion when the aryl groups were 4-t.oluyl, 4-chlorophenyl etc., but
the reaction was reversible when the aryl group was 2,4-dinitrophenyl
26
group.
Temperature dependence of equilibrium constant is shown in Table 10.
The equilibrium shifts to reverse side as temperature increases.
Table 9. Equilibrium constants for the benzeneselenenyl bromide


























Equilibrium concentration of adducts.
Table 10. Temperature dependence of equilibrium constant for the
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Figure 11. liammett plot of log versus o
The slope The compounds for the points














Figure 12. Hammett plot of log versus a.
The slope= -0.42 Point (1) was omitted.
The compounds for the points are the same as those of Figure 5.
IV PRODUCT DISTRIBUTION
The product compositions were determined by nmr spectroscopy.
The assignment for chemical shifts of the protons of the products is
based upon the fact that protons at a or 3 position to bromine are
considerably deshielded relative to those at a or 3 position to selenium.
In each case, the ratio of Markovnikov to anti-Markovnikov products is
determined from the integration of at least one non-overlapping signal.
A typical nmr spectrum of the adducts of benzeneselenenyl bromide and
styrene in CC1 is shown in Fig.13.
(XXXIV) (XXXV)
Markovnikov adduct anti-Markovnikov adduct
The a proton of (XXXIV) is relatively deshielded than that of (XXXV).
Thus the doublets of doublets at 64.95 ppm and 64.44 ppm are assigned
to the a proton of (XXXIV) and (XXXV) respectively. On the other hand,
the 3 protons usually appear as doublets of doublets because of the
splitting due to the asymmetric a carbon. Thus the set of doublets of
doublets at 63.52 ppm is assigned to 3 protons of (XXXIV), and that of
(XXXV) at 63.72 ppm. The 3 protons usually overlap with each other
but the a protons rarely do. A high magnetic flux nmr spectrometer
is useful in resolving these peaks. The chemical shifts for the a and 3
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Figure 13. Typical nmr spectrum of the adducts of benzeneselenenyl bromide and styrene.
M= Markovnikov orientation, aM= anti-Markovnikov orientation.
44
listed in Table 11. The thermodynamically controlled product composition
was determined by allowing the nmr sample tubes to stand at room temp-
erature until the product composition remained constant. The kinetically
controlled product composition cannot be determined because of the rapid
equilibration of the isomers. The thermodynamically controlled-product
compositions in CC14, C 6 D 6 and CDC13 are summarized in Table 12.
From Table 12, it can be seen that electron withdrawing substituents
on styrene give less regiospecific addition i.e. the ratio of Markovnikov
to anti-Markovnikov adducts approaches to 1. In the bridged transition
state most of the positive charge is most likely localized on the Se
atom only a very small fraction of charge is distributed to the a and B
carbon. Hence, the attack of Br would be non-regiospecific. On the
other hand, electron donating substituents such as methoxy or methyl
group could support a benzylic type carbonium ion. The attack of Br
would be mainly directed to the a carbon, thus the addition becomes
more regiospecific. The major product would be Markovnikov adduct.
The degree of bridging of the transition state should be higher for
electron withdrawing substituents than that of electron donating
substituents. A general trend was observed in which the ratio of
Markovnikov to anti-Markovnikov adducts approaches to 1 as the solvent
polarity increased.
In non-polar solvents, the product-determining transition state
may resemble a contact ion pair (XXXVI). Partial positive charge may
develop at a carbon and selenium. The attack of Br would thus favour
+-I,o nrl rvirn- lrni7 nr Pnf afii n-n Tnnl ar cnlvents. the transition state





















































































































M = Markovnikov orientation; aM = anti-Markovnikov orientation.
The chemical shifts of the methylene protons of the ester overlapped with that of
a proton.






























































M Markovnikov orientation; aM anti-Markovnikov orientation.
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may be solvated and resemble the solvent separated ion pair (XXXVII)
or free ion (XXXVIII).50 The charge distribution at cc, carbon would
be more symmetrical, the attack of Br would thus become non-regio-
specific. A mixture of nearly equimolar amount of adducts would be
formed
PhSephse + br B PhS.
C-C BrC + +
(XXXVI) (XXXVII) (XXXVIII)
The thermodynamically controlled products of the addition of
4-chlorobenzenesulfenyl chloride to styrene at 25° in 1,1,2,2-tetra-
chloroethane was found to be 100% Markovnikov orientation. 51 It is
therefore suspected that the product-determining transition state
in the 4-chlorobenzenesulfenyl chloride addition and benzeneselenenyl
bromide addition to styrene would be quite different from each other.
From the rho values of these two reactions, the degree of bridging
would be higher with selenium. In the case of benzeneselenenyl bromide
addition to styrene, the product-determining transition state would be
more bridged, the charge distribution would be more symmetrical.
Therefore attack of Br- would be non-regiospecific while in the case
of 4-chlorobenzenesulfenyl chloride addition, the transition state
would be less bridged, and would be more or less stablized by overlapp-
ing of the p orbital of the electron deficient a carbon with phenyl
ring's cloud. Hence the attack of Cl- would be directed to the a
carbon and the resulting product is mainly Markovnikov orientation.
48
This could be interpreted as competition of charge stabilization between
the phenyl ring and the bridging atom.
The kinetics of electrophilic additions to alkenes in non-hydroxylic
solvents are frequently complex. 52 For instance, in carbon tetrachloride
addition of bromine to allyl benzoate could proceed by a heterogeneous
reaction on a polar surface, or, at higher concentrations, by a homo-
geneous reaction of high kinetic order. The rate of addition was
greatly increased by the presence of small amount of polar catalysts:
water, pyridine, hydrobromic acid, or iodine. Dissolved oxygen could
also affect the rate of these additions. The reaction of 2,4-dinitro-
benzenesulfenyl chloride with acetone was explained by postulating
two simultaneous reaction paths, one unimolecular and the other
bimolecular.53 Therefore it is reasonable to postulate that benzene-
selenenyl bromide addition to styrene could involve a wide range of
subtly different reaction mechanisms.
Strong support for the intermediacy of a bridged ion could be
derived from a p relationships and s . Although stable seleniranium
ion has been prepared, the intermediate of the addition reaction
seems not to involve the free seleniranium ion in non-polar solvent,50
Instead, the addition under non-polar condition would probably occur
via less polar intermediates of ion-pair type. In this regard, the
selenenyl halide addition should be quite different from the sulfenyl
halide addition in which an episulfurane mechanism is generally
accepted. 50
Recently Bodrikov et al54 has found that the reactivity order of
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R2C6HlSC1 in AdE reactions with R1C6H4CH=CH2 with both R1 and R2 varied
was inversed. Two kinetically distinguishable mechanisms were
interpreted i.e. the electron transfer processes from olefins to
arylsulfenyl chloride and from sulfur to chlorine. Unfortunately,
insufficient data prevent us from understanding the mechanism more
clearly. Other variables neglected in this study, such as solvent
effects, are also expected to be of major importance for the reaction
course. Hence, detailed deductions of the mechanisms should
be treated with reserve.
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EXPERIMENTAL
All melting and boiling points are uncorrected. Infrared spectra
were recorded on a Perkin-Elmer 283 instrument. Proton magnetic
resonance spectra were measured on a JEOL 60 HL spectrometer. Carbon-
13 nmr spectra were measured on a JEOL FX 90 Q spectrometer. Mass
spectra were recorded using a VG 7070F mass spectrometer. Hitachi 323
UV-vis spectrophotometer was employed for all UV-vis spectra and
kinetic runs.
Styrene (XXVII) was purchased from Beijing Chemical Works.
4-Methylstyrene (XXVI) and 3-nitrostyrene (XXXII) were obtained from
Aldrich Chemical Company and distilled before use. All solvents were
purified according to standard procedures.55 Benzene (A.R. grade) was
distilled and dried by sodium.
Diphenyl diselenide
Diphenyl diselenide was prepared according to literature methods. 31-33
A 1-litre three-necked round-bottomed flask was fitted with a reflux
condenser, a mechanical stirrer and an addition funnel. The entire
apparatus was swept with dry nitrogen. Phenyl magnesium bromide was
prepared in the flask by the usual procedure56 from bromobenzene
(80g, 0.51 mol), magnesium turnings (12g, 0.5 g-atom) in ether (500mL).
The addition funnel was replaced by a solid addition funnel and
selenium powder (37g, 0.5 g-atom) was added in small portions. The
reaction mixture was refluxed for 0.5h and poured onto cracked ice
(ca. 600g). Hydrochloric acid (75mL, S.G.1.18) was then added. The
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cold mixture was filtered. The aqueous layer was separated, washed
with ether and the combined ethereal solution was evaporated in vacuo.
Methanol (500mL) was then added. The solution was placed in a suction
flask and a current of air was drawn through it by suction for 15h.
Diphenyl diselenide (40g) was precipitated and collected by filtration.
The filtrate was boiled with 1 to 2 g zinc dust for 1h to assist
crystallization. The filtrate was concentrated to yield a second crop
(5g) after the zinc dust was removed by filtration. The combined yield
was 57%. m.p. 600 (lit.57 63.50).
Benzeneselenenyl bromide (I)
Diphenyl diselenide (1.56g, 5mmol) was dissolved in chloroform
(40mL). Bromine (0.27mL, 5mmol) was added dropwise with vigorous
stirring within 15 min. The solvent was then removed in vacuo. The
residue was recrystallized from petroleum ether, yielded (I).(2.3g,97%)
M.P. 59-60°C (lit.58 62oc); max :476nm max :290 M -1cm -1.
Excess bromine must be avoided since formation of the tribromide
may occur.
General Procedure for the Preparation of Cinnamic Acids
A mixture of aryl bromide (0.1 mol), acrylic acid (0.11 mol),
tri-n-butylamine (0.22 mol), palladium acetate (0.5-1.0 mol%) and
triphenylphosphine (2-4 mol%) was heat at ca. 120oC under nitrogen
atmosphere. A second phase of tri-n-butylammonium bromide separated
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during the course of reaction. After the mixture had turned dark,
heating was continued for about 2h. At the end of the reaction, the
mixture was poured into sodium hydroxide solution (10%) and washed
with ether. The aqueous phase was then acidified with hydrochloric
acid. The precipitate was filtered, washed thoroughly with water and
dried under vacuum. The acid was recrystallized from benzene or
benzene-ethanol mixed solvent. The reaction conditions and yields for
individual cinnamic acid are summarized in Table 13.
General Procedure for the Decarboxylation of Cinnamic Acids
The styrene was prepared according to the modification of
literature methods. 36-4 0 A mixture of cinnamic acid (0.1 mol), copper(I) of
copper (II) oxide (0.1 mol)( or basic copper carbonate) in dry
quinoline (20mL) was heated to 200-230°C under nitrogen atmosphere for
1 to 2 h. The slurry was diluted with ether (ca. 200mL). The
ethereal solution was filtered, washed with dilute hydrochloric acid
thoroughly, followed by sodium hydroxide solution (10%), dried over
anhydrous magnesium sulphate and decolorized by activated charcoal.
Ether was evaporated in vacuo to yield the crude styrene which was
purified by gas chromatography or molecular distillation. The reaction
nnni t-i nn5 and yields for individual styrenes are outlined in Table 14.
Kinetic Measurements
The kinetic measurement was carried out at 25 0 unless otherwise
stated. The styrene solution (2.4mL) was placed into a quartz cuvette,
Table 13. Preparation of substituted cinnamic acids
Organic bromide Reaction Time
and Tpmnprafur
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(a) Yields of recrystallized products are not optimized.
(b) Melting points in parentheses are lifprafnro vainoc
Table 14. Preparation of substituted styrenes by decarboxylation of cinnamic acids.
f.irmaTriir ari Catalvst (mol%) Reaction Time
onrl Tpmn o r a f- n ir
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(a) Isolation yield. (b) Literature value of refractive index at 20° in parentheses.
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The quartz cell was then placed in the cell compartment for about five
minutes to reach thermal equilibrium. The reaction was started by
injecting benzeneselenenyl bromide solution( 0.1 mL) to the styrene
solution by a gas-tight syringe. The reactants were mixed by shaking
the cell vigorously for several seconds. The reaction was followed by
monitoring the decrease of absorbance at 476 nm. Typical kinetic
runs for the addition of benzeneselenenyl bromide to styrene under
conditions A and B are shown in Fig. 14-16.
Treatment of Data
I Pseudo-first-order rate constants
For pseudo-f irst-Order reaction, the rate constants kl were obtained
from the slope of the integrated expression as shown in eq. 20.
(20)
where x and x are- the concentration of adducts at equilibrium and at time
e
t: a is the initial concentration of benzeneselenenyl bromide.
(21)
(22)
where Ao, At and Ae are the absorbances of the reaction mixture at time
zero, t and at equilibrium respectively c and b' are the. molar absorptivity
coefficients of benzeneselenenyl bromide and the light path of the cuvette
respectively.
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Figure 14. Visible spectra of the adducts (I), styrene (II) and benzeneselenenyl bromide (III).
ABSORBANCE
Figre 15. Typical Kimetic rum of the bengeeffeleatnyl bromide addition to siyrene under conditle A.




















Figure 16. Typical kinetic run of the benzeneselenenyl bromide addition to styrene under condition B.





Hence kl can be obtained from the slope of the plot of -ln(At-Ae)
versus t. In a typical run (Run 8) a plot of -ln(At-Ae) versus t
is shown in Fig. 1. The term -]in(At-Afor individual runs is
listed in Table 15-23.
II Second-order rate constants
The second-order rate constants k2 were obtained from the slopE
of the integrated expression shown in eq. 24.
(24)
where a and b are initial concentrations of benzeneselenenyl bromide
and styrene respectively. In a typical run (Run 33) a plot of
trPri r i shown in Fig. 2. The term In
for individual runs is listed in Table 24-31.
III Equilibrium constants





A mixture of equimolar quantities of benzeneselenenyl bromide
(1-2 mmol) and styrene (1-2 mmol) in appropriate solvent was allowed
to stand for several hours to achieve equilibrium. The nmr spectra
of.the adducts were recorded. The ratio of Markovnikov to anti-
Markovnikov adducts was obtained from the integration of the peak
areas of the protons a or (3 to the benzeneselenenyl group. A typical
nmr spectrum of the adducts of benzenesel.enenyl bromide and styrene
is shown in Fig. 13.
APPENDIX
Table 15. Kinetic data for the addition of benzeneselenenyl bromide to 4-methoxystyrene in






















































































k 6.77xl0~3 3.74xl0~2 6.87xl0~3 4.10xl0~2 7.87xl0~3 5.18xl02
[4-methoxystyrene]= 0.1026M, [PhSeBr]= 1.012x10 3M.
Table 16. Kinetic data for the PhSeBr addition to 4-methylstyrene.










































k 1.92x10 3 2.90x10 2 1.93x10 3S 1 2.90x10 m-1s_1
[4-methyls tyrene]= 0.0645M, [PhSeBr]= 0.001M.




















































k 1.93x10 3 1.88x10 2 1.90x10 3S 1 1.76x10 2m 1s 1
[4-methyls tyrene]= 0.100M, [PhSeBr]= 0.0010M.
Table 17. Kinetic data for the addition of PhSeBr to styrene in benzene at 25° under
condition A.

















































k S 39vlf) Q 1 A 78x10 3M 1 S 9Sv1D V1 4 68x10 .c 1
[styrenej= 9.82x10 M, [VhSeBrj= 1.02x10 3M.
TpHIp 18. Kinetic data for the addition of PhSeBr to 4-chlorostyrene under condition A.
i_4-chlorostyrene]= 0.1019M, [PhSeBr;= 9.44x10 M.



























































3.33x10 3s 1 0.030 M ls 1| 3.28x10 3s 1 0.026M 1s1! 3.33x10 3S 1 0.026M 1S 1
[3-methoxystyrenej= 0.1033M, [PhSeBrj= 0.001M.
90. Rinprir data for the addition of PhSeBr to 3-chlorostyrene under condition A.






















































































k 9.96x10 5s 1 9.02x10 1s 31.15x10 4 1.06xl0~3 1 .22x10 4 1.12x10 3
j3-chlorostyrenel 0.100M, [PhSeBr] 0.0010M.
Table 21. Kinetic data for the addition of PhSeBr to ethyl
































































































Table 22. Kinetic data for the PhSeBr addition to 3-nitrostyrene under condition A.
Run 22 Run 23





















































k 5.78x10 5s 1 3.83x10 4M 1s~1 4.66x10 5s_1 3.77xlO~4M-1s 1
[3-nitrostyrene]o= 0.1012M, [phSeBrJ= 1.02xl0~3 M.
Table 23. Kinetic data for the addition of PhSeBr to 4-nitrostyrene


























































































k (M Xs 6 1.18x10 4 1.13x10 4 1.0x10 4
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Table 24. Kinetic data for the PhSeBr addition to 4-methoxystyrene
0
under condition B in benzene at 25o














Table 25. Kinetic data for the addition of PhSeBr to 4-methylstyrene
in benzene at 25o under condition B.
















Table 26. Kinetic data for the addition of PhSeBr to styrene in benzene at 25 under
condition B.
-In






























































Table 27. Kinetic data for the addition of PhSeBr to 4-clilorostyrene
in benzene at 250 under condition B.


















Table 28. Kinetic data for the addition of PhSeBr to
3-methoxystyrene in benzene at 250 under condition B.


















Table 29. Kinetic data for the addition of PhSeBr to
3-chlorostyrene in benzene at 250 under condition B.















Table 30. Kinetic data for the addition of PhSeBr to
3-nitrostyrene in benzene at 250 under condition B.














Table 31. Kinetic data for the addition of PhSeBr to
4-nitrostvrene in benzene at 250 under condition B.











(a) [4-nitrostyrene]o= [PhSeBr]o= 1.00x10-3M;
(b) [4-nitrostyrene]o =1.0x10-2M, [PhSeBr]o= 1.00x10-3M
Table 32. Kinetic data for the addition of PhSeBr to styrene in benzene at 25°
with the initial concentrations of styrene and PhSeBr varied.
In
































































k (m1S 1) 0.0059 0.0082 0.0147 0.0198 0.0172 0.0105
(a) [PhSeBr]= 0.0010M, [styrene]= 0.0106M; (b) [PhSeBr]= 0.0010M, [styrene] =0.005M:
(c) [PhSeBr] o =0.0010M, [styrene]= 0.0020M; (d) [PhSeBr] =0.0015M, [styrene! =0.0010M;
(e) [PhSeBr] =0.00212M, [styrene]= 0.0010M; (f) [PhSeBr] =0.00221M, [styrene! =0.0020M.
























































k(M_1s 1) 0.0305 0.0291 0.0372 0.0323 0.0427
(a) T 30°C; (b) T 35°C: (c) T 40°C:
[PhSeBr] [styrene] 1.00x10 3M.
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